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Abstract—Non-coherent detection is an important component
of ambient backscatter communication due to the energy con-
strained nature of the backscatter devices. This paper provides
the first comprehensive performance analysis of non-coherent
detection under a fast-varying wireless channel for ambient
backscatter communication. In particular, we evaluate the bit
error rates (BERs) for two data encoding mechanisms under a
new receiver architecture that is based on the direct averaging of
the received signal samples. Our results concretely demonstrate
the existence of BER floor for a single antenna receiver, which
results in poor performance. We further show that a multi-
antenna receiver can overcome this drawback by eliminating the
interference created by the direct link from the ambient power
source that considerably improves the BER of this receiver. This
multi-antenna receiver exploits the fact that the time duration of
the variation in angle of arrival (AoA) of the communication links
in the fast-varying channel is much larger than the coherence
period of the small-scale fading, allowing it to track the AoA of
the direct link.

Index Terms—Ambient backscatter, non-coherent detection,
fast fading, multiple antennas, BER.

I. INTRODUCTION

Ambient backscatter systems are playing an increasingly
important role in the development of machine-to-machine
(M2M) communications, an enabling technology of the Internet-
of-Things (IoT) paradigm. As a consequence of the services
rendered by these networks, many of these devices are required
to be deployed in a variety of challenging and diverse
conditions. For example, a large portion of them will be
installed in high mobility vehicles for relaying traffic and
other crucial information. Due to the large Doppler spread, the
propagation channel could vary very quickly in these cases,
thereby making the channel estimation and tracking procedures
extremely challenging to implement. The fast-varying nature of
the channel means that the transmission and detection schemes
used in slow fading channels are unsuitable for these scenarios
[1]. Interestingly, the current literature on ambient backscatter is
devoid of studies focusing on fast fading channels. Therefore, in
this paper, we address this limitation by exploring transmission
and detection mechanisms under fast fading channels and
mathematically characterizing their BER performance.

Prior Art: As noted above, the existing literature on
ambient backscatter systems is limited to the slow fading chan-
nels [1]–[12]. The exact BER analysis of ambient backscatter
systems along with a detailed overview of the backscatter
concept is provided in [1]. Maximum-likelihood (ML) detection
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in an ambient backscatter setup was first investigated in [2]. The
signal detection under non-coherent and semi-coherent setups
is analyzed in [3]–[6]. The signal detection at a multi-antenna
receiver is studied in [7] and the statistical-covariance based
detection is explored in [8]. Apart from [1], the other works
[1]–[8] are approximation based, using Gaussian distribution as
the model for the conditional distributions of the average energy
of the received signal. Ambient backscatter communication
using orthogonal frequency division multiplexing (OFDM)
is investigated in [9], [10]. On the same lines [11], [12]
explored new coding schemes, such as Manchester coding,
to improve detection. To the best of our knowledge, this is
the first work that incorporates the fast fading channel into an
ambient backscatter setup.

Setup and Contributions: Assuming fast fading, we study
the non-coherent detection of ambient backscatter system for
two different receivers; one with a single antenna and the
other with multiple antennas. The number of antenna elements
are assumed to be two for the second case. Two types of
data encoding schemes are employed at the transmitter, of
which, the first scheme M1 directly transmits the message
bit using on-off keying (OOK) modulation, and the second
schemeM2 transmits either codeword [0 1] or [1 0] (depending
on the value of the message bit) using OOK modulation over
two symbol durations. The encoding used in M2 is one of
the standard schemes used for non-coherent detection in the
literature [13]. Our main contributions in this paper are: 1)
non-coherent detection of an ambient backscatter system, 2)
detection architecture based on the average of received signal
samples instead of the average received signal energy, and
3) improving BER of this receiver architecture for the two
encoding schemes using multiple antennas in a fast fading
channel. For a single antenna receiver, we demonstrate that
the system reaches BER floor very quickly, which is mainly
attributed to the interference created by the direct link from
the ambient power source. Therefore, the purpose of using
multiple antennas at the receiver in our work is to eliminate
interference created by this direct link. The novelty of this
approach lies in the ability of the multi-antenna receiver to
take advantage of the fact that the variation in the AoA of
the links is much slower than the temporal variation of the
overall channel. The BER results demonstrate the substantial
improvement in performance of the receiver when multiple
antennas are used.

II. SYSTEM MODEL

We consider a spatially correlated flat Rayleigh fading
channel with coherence time of the same order as the symbol



duration of data carried by the ambient radio frequency (RF)
wave. The impulse response of this channel can be expressed
as:
~h(t) =

∑
i

cie
jφi−j2πcτi/λ+j2πfd cosψit

︸ ︷︷ ︸
h0

~a(θ0)δ (t− τ̄) , (1)

where θ0 is the AoA of the dominant non-line-of-sight (NLOS)
path with i independent sub-paths, ~a(.) is the antenna array
response vector at the receiver, ci is the sub-path gain, φi
is the phase of the sub-path which is taken to be uniformly
distributed in [0, 2π), τi is the time delay of the sub-path, fd is
the maximum Doppler spread, and ψ is the angle of departure
(AoD) of the sub-path at the transmitter. The envelope of
the resulting channel coefficient h0 can be characterized as
a Rayleigh distributed random variable (RV) by invoking the
central limit theorem (CLT) for the independent sub-paths.
Interested readers can refer to the expanded version [14] of this
paper for an illustration of this channel model. This environment
is close to many real-world scenarios, such as when a moving
mobile user is used as a power source by a transmitter to
communicate with a receiver which can be either a base station
(BS) or another backscatter device. The variation of h0 with
time is dependent on the Doppler spread fd and the angular
spread ψi at the mobile user, which in this case are assumed
to be high due to the speed of the user and the presence of
local scatterers. On the other hand, ~a(.) is dependent on the
AoA θ0, the time-scale over which the vector evolves is several
orders of magnitude larger compared to the coherence time of
h0, and hence can be tracked by the system. This means that
while the channel coefficient at the receiver will be changing
for each symbol of the ambient data, the angular variation
corresponding to AoA of the received signal will not change
at the same order and can be assumed to be constant over
few symbol periods. In a multi-antenna receiver, this will be
used to improve the BER performance of the system. More
information on this channel model can be found in [15]–[17].

Remark 1. Typically, the channel coefficients are correlated
for a few consecutive symbol periods even at a large Doppler
spread of the fading channel. However, for the ease of exposi-
tion, the channel coefficients are assumed to be independent
over each symbol duration of the ambient RF data.

Remark 2. The assumption of spatially correlated channel
at the receiver is typically valid for a BS located above the
rooftops as the angular spread is small in these scenarios.
We assume this to be valid for a backscatter device too by
considering a single dominant NLOS path. Handling the case
of multiple angular paths at the receiver is left as a future
work.

A. Signal Model

The ambient backscatter setup considered in this paper
consists of three devices: ambient power source, backscatter
transmitter (BTx), and receiver (Rx). For concreteness, the
ambient power source in the work is assumed to be a single
antenna transmitter. However, even if multiple antennas are
used, for example to beamform the signal, it would only change

the power gain at the receiver. The power gain is a function
of the antenna array factor and the angular position of the
backscatter Tx-Rx pair, where the gain increases and decreases
if the pair is located inside and outside the angular zone of the
intended receiver respectively. This would not directly affect
our analysis since the power gain of the signal is a large-scale
parameter which would be absorbed into the signal to noise
ratio (SNR) of the ambient signal. At the receiver, the signal
scattered from the backscatter device is given by [18]:

r = (A− Γ) s = As− Γs, (2)
where r is the signal at the receiver, s is the signal backcattered
at the device, A is the load-independent complex coefficient
of the device, and Γ is the reflection coefficient of backscatter
node at the boundary of the antenna and the circuit. We assume
that the transmitter uses a simple binary on-off modulation
scheme to transmit the digital data, which is a common choice
for backscatter systems. The binary OOK modulation scheme
can be implemented by choosing two different values Γ0 and
Γ1. It is possible to achieve the OOK modulation for antennas
with |A| ≤ 1 by designing the appropriate load impedance
using only passive components such as resistors, capacitors,
and inductors [19], [20].

We make the assumption that the rate of backscatter data is
significantly lower than the rate of ambient RF data (reasonable
for most IoT applications), which allows us to represent the
backscatter data as a single variable b, for a window of N
received signal samples. For a Rx with single antenna, the
received signal is composed of two components, one directly
received from the power source and the other reflected from
the BTx. This can be mathematically represented as follows:

y(n) = hr(n)x(n)︸ ︷︷ ︸
radio signal

+αb hb(n) ht(n)x(n)︸ ︷︷ ︸
backscatter signal

+w(n),︸ ︷︷ ︸
AWGN

(3)

where x(n) is the ambient radio signal in complex baseband
form, w(n) is the zero mean additive complex Gaussian noise
with a variance of σ2

n, hr(n), hb(n) and ht(n) are zero mean
complex Gaussian channel coefficients with a variance of σ2

h,
b ∈ {0, 1} is the backscatter data and α is related to the
parameter Γ1 of the BTx node. This received signal can be
easily modified for a dual-antenna Rx as follows:

y(n) =

[
y0(n)
y1(n)

]
= hr(n)

[
1
ejφ1

]
x(n)

+ αb hb(n)ht(n)

[
1
ejφ2

]
x(n) +

[
w0(n)
w1(n)

]
, (4)

where φi ≡ 2π
λ d cos θi is the phase offset between the two

antenna elements which is dependent on AoA θi. Note that
the AoA θ2 of the backscatter link is independent from the
AoA θ1 of the direct link.

As is the case with many modulation schemes of interest,
we assume that the energy of the ambient sequence x(n) over
N samples averages out to a constant which is given by

Ē =
1

N

N∑
n=1

|x(n)|2. (5)

Also, the ambient symbols x(n) are assumed to be an
independent and identically distributed (i.i.d.) sequence.

The receiver architecture used for detection in [1], and



other works focusing on slow fading channels, is based on
the energy averaging of the received signal samples. The
reason is that directly averaging the received signal to generate
Y = 1

N

∑N
n=1 y(n) will result in exactly the same conditional

distributions for Y under both of the hypotheses, due to which
it is not possible to differentiate the constellation points of
different bits. For the non-coherent detection in the paper,
we employ this architecture to detect the backscatter data.
We concretely demonstrate that the architecture by itself is
inadequate for a single-antenna receiver by deriving BER for
this non-coherent setup. We further show that this architecture
can be used in conjunction with multiple antennas at the
receiver and eliminate the strong interference generated by
the direct link from the power source.

III. SIGNAL DETECTION AND BIT ERROR RATE

Before describing the detection with a multi-antenna receiver,
we derive the conditional signal distributions and perform
detection with a single-antenna receiver. This approach allows
us to demonstrate the poor BER performance of a single-
antenna receiver, which can be overcome by utilizing multiple
antennas at the receiver for this particular fast fading channel.

A. Conditional Signal Distributions
For scheme M1, the null hypothesis H0 and the alternate

hypothesisH1 correspond to the scenarios with backscatter data
b ≡ 0 and b ≡ 1 (which also correspond to the transmitted
message bit m ≡ 0 and m ≡ 1 in this case), respectively.
As described earlier, the receiver architecture is based on the
averaging of the received signal samples which is represented
by the variable Y .

Lemma 1. The probability density functions (PDFs) of Y con-
ditioned on H0 and H1 for the scheme M1 are characterized
by the complex Gaussian distribution whose parameters are
respectively given by:

H0 : YM1 ∼ CN
(

0,
Ēσ2

h + σ2
n

N

)
, (6)

H1 : YM1 ∼ CN

(
0,
Ēσ2

h

(
1 + |α|2σ2

h

)
+ σ2

n

N

)
. (7)

Proof: See Appendix A.
In the case of schemeM2, the two hypotheses are re-defined

based on the actual message data m. The null hypothesis
H0 corresponds to the scenario m ≡ 0 while the alternate
hypothesis H1 corresponds to the case of m ≡ 1. To transmit
the message bits m ≡ 0 and m ≡ 1, the transmitter device
will send codewords [0 1] or [1 0], respectively. Therefore, we
need to derive the joint conditional distributions of the received
signals over the two symbol durations for scheme M2.

Lemma 2. The joint PDFs of YM2 [0] and YM2 [1] conditioned
on H0 and H1 for the scheme M2 are given by:

H0 : f (YM2 [0], YM2 [1])

=

exp

{
−

(
|YM2

[0]|2
Ēσ2

h
+σ2
n

N

+
|YM2

[1]|2
Ēσ2

h(1+|α|2σ2
h)+σ2

n

N

)}
π
N

√(
Ēσ2

h + σ2
n

) (
Ēσ2

h (1 + |α|2σ2
h) + σ2

n

) , (8)

H1 : f (YM2
[0], YM2

[1])

=

exp

{
−

(
|YM2

[0]|2
Ēσ2

h(1+|α|2σ2
h)+σ2

n

N

+
|YM2

[1]|2
Ēσ2

h
+σ2
n

N

)}
π
N

√(
Ēσ2

h + σ2
n

) (
Ēσ2

h (1 + |α|2σ2
h) + σ2

n

) . (9)

Proof: See Appendix B.

B. Single Antenna Receiver

From the analysis of conditional distributions, we see
that PDFs under the two hypotheses have the same mean
but different variances. For the scheme M1, the complex
Gaussian PDFs of the two hypotheses derived above are directly
compared to obtain the optimal detection threshold. In the case
of M2, the joint distribution of the received mean estimates
corresponding to the two symbol durations of the backscatter
data are compared to derive the optimal threshold.

Theorem 1. The average BER of the first encoding scheme
M1 for a single antenna receiver is given by:

PM1
(e)=

1

2
− 1

2
e

−
TM1

Ēσ2
h(1+|α|2σ2

h)+σ2
n

N +
1

2
e
−

TM1
Ēσ2

h
+σ2
n

N , (10)

where

TM1
=

ln

[
Ēσ2

h(1+|α|2σ2
h)+σ2

n

Ēσ2
h

+σ2
n

]
2|α|2Ēσ4

h

(Ēσ2
h+σ2

n)(Ēσ2
h(1+|α|2σ2

h)+σ2
n)

N is
the optimal detection threshold of scheme M1.

Proof: See Appendix C.

Theorem 2. The average BER of the second encoding scheme
M2 for a single antenna receiver is given by:

PM2
(e) =

1

1 +
Ēσ2

h(1+|α|2σ2
h)+σ2

n

Ēσ2
h+σ2

n

. (11)

Proof: See Appendix D.

Remark 3. Clearly, the BER expressions of the two described
encoding schemes for a single antenna receiver are independent
of N . Furthermore, the asymptotic BER values, with respect to
the increasing SNR, reach an error floor instead of converging
to zero. This can be directly inferred for M2 because of the
simplicity of its BER expression but will also be numerically
demonstrated for M1 in Fig. 1. This necessitates the need for
developing better techniques to decode data in a fast fading
channel, which takes us to the next main contribution.

C. Multi-Antenna Receiver

The main reason for the poor BER performance of single
antenna receiver is the presence of the direct path from ambient
source which only acts as interference since it does not
carry any backscatter data. For a multi-antenna receiver, the
signal impinging on neighboring antenna element is a phase
shifted version of the signal on the first antenna (along with
independent additive noise). The signal model of this receiver
is represented in (4). Observe that the phase offset of the
backscatter link is independent of the phase offset of the direct
link. We can remove the direct link by inverting the phase
offset of the direct link at the second antenna and subtracting



from the signal at the first antenna. After multiplying the signal
at second antenna element by e−jφ1 , we have the following
effective signals:
H0 : yeff(n) = e−jφ1y1(n)− y0(n) = w̃1(n)− w0(n),

H1 : yeff(n) = e−jφ1y1(n)− y0(n)

= αht(n)hb(n)x(n)(ej(φ2−φ1) − 1) + w̃1(n)− w0(n).

The average of the effective signal samples yeff(n) given by
Y = 1

N

∑N
n=1 yeff(n) is used to decode the transmitted data

at the multi-antenna receiver. While there are multiple ways
of estimating the direct link phase-offset inversion component
e−jφ1 , we have provided one in Appendix F.

The effective signal yeff(n) under H0 is the difference of
two complex Gaussian RVs which again results in a complex
Gaussian RV with variance equal to the sum of variances of
the two RVs. On the other hand, yeff(n) under H1 is a circular
symmetric complex RV with zero mean and variance given by:

VAR [yeff |H1] = VAR
[
αht(n)hb(n)x(n)(ej(φ2−φ1) − 1)

]
+ VAR [w̃1(n)− w0(n)]

=
∣∣∣ej φ2−φ1

2

∣∣∣2 ∣∣∣ej φ2−φ1
2 − e−j

φ2−φ1
2

∣∣∣2 |α|2|x(n)|2σ4
h + 2σ2

n

= 4 sin2(
φ2 − φ1

2
)|α|2|x(n)|2σ4

h + 2σ2
n.

The mean of received samples Y under H0 will result in a
complex Gaussian RV whose parameters are given below:

H0

{
Y ∼ CN

(
0,

2σ2
n

N

)
. (12)

Similarly, the mean of received samples Y under H1 is also
shown to be a complex Gaussian using CLT, and the parameters
in this case are provided below:

H1

{
Y ∼ CN

(
0,

4 sin2(φ2−φ1
2 )|α|2Ēσ4

h+2σ2
n

N

)
. (13)

Theorem 3. The average BER of the first and second encoding
schemes in a multi-antenna receiver are respectively given by:

PM1
(e) =

∫ π

−π

∫ π

−π

1

8π2

(
1− e−

TM1
s1 + e−

TM1
s0

)
dθ1dθ2,

(14)

PM2
(e) =

∫ π

−π

∫ π

−π

1

2π
× 1

2π
× 1

2

× σ2
n

sin2
{
π
λd(cos θ2 − cos θ1)

}
|α|2Ēσ4

h + σ2
n

dθ1dθ2, (15)

where s1 =
4 sin2{πλ d(cos θ2−cos θ1)}|α|2Ēσ4

h+2σ2
n

N and s0 =
2σ2
n

N ,
and

TM1
=

s1s0

s1 − s0
ln

(
s1

s0

)
(16)

is the optimal detection threshold of scheme M1.

Proof: See Appendix E.

IV. NUMERICAL RESULTS

The BER plots of the two encoding schemes M1 and M2

for both of the receivers are shown in Fig. 1. We can observe
from the figure that with increasing SNR, the BER saturates
very quickly for a single antenna receiver. Even changing
the encoding scheme from M1 to M2 does not offer any
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Fig. 1. BER performance of the two encoding schemes for single antenna
and multi-antenna receivers.

noticeable improvement. On the other hand, the multi-antenna
receiver can drastically improve the BER of M1 by removing
the interference created by the direct path from the ambient
power source. In this case, BER decreases continuously without
reaching any error floor. Additionally by using scheme M2,
the multi-antenna receiver can achieve an additional gain of
atleast 3dB as shown in the plot.

V. CONCLUSION

In this paper, we have investigated data encoding and non-
coherent detection for ambient backscatter systems in a fast
fading channel. The receiver architecture used in the work is
based on the average of the received signal samples which
removes the dependence of the BER on the signal sample size
N . We have shown that a BER floor exists for a single antenna
receiver under this architecture due to the interference created
by the direct link from the ambient source, which results in
an unacceptable performance. We have further shown that this
direct link can be eliminated with multiple antennas using the
fact that AoA of the direct link can be tracked, thereby resulting
in improved BER performance. To the best of our knowledge,
this is the first work that presents a comprehensive analytical
treatment of non-coherent detection for ambient backscatter
under fast-varying channel.

APPENDIX

A. Proof of Lemma 1

Conditioned on H0, the signal at the receiver is given by:
y(n) = hr(n)x(n) + w(n),

where hr(n) ∼ CN
(
0, σ2

h

)
and w(n) ∼ CN

(
0, σ2

n

)
are

complex Gaussian RVs. Further conditioning on the signal
x(n), each received sample in the window length N is
an independent complex Gaussian RV whose distribution is
CN (0, |x(n)|2σ2

h + σ2
n). The mean of these independent com-

plex Gaussian RVs Y is again a complex Gaussian RV whose
distribution is CN (0,

∑
|x[i]|2σ2

h+N.σ2
n

N2 ). Using the assumption
in (5), the distribution simplifies to Y ∼ CN (0,

Ēσ2
h+σ2

n

N ). This
distribution turns out to be independent of the symbol sequence



x(n). Similarly, conditioned on H1, the received signal is given
by:

y(n) = hr(n)x(n) + αht(n)hb(n)x(n) + w(n),

where hr(n), ht(n) and hb(n) ∼ CN
(
0, σ2

h

)
, and w(n) ∼

CN
(
0, σ2

n

)
are complex Gaussian RVs. Further conditioning

on signal x(n), each term is an independent circularly-
symmetric complex RV with mean 0 and variance |x(n)|2σ2

h +
|α|2|x(n)|2σ4

h. From CLT, under the assumption of a large
N value, the mean of these independent complex RVs has a

distribution Y ∼ CN (0,
Ēσ2

h(1+|α|2σ2
h)+σ2

n

N ). This distribution
again turns out to be independent of the sequence x(n).

B. Proof of Lemma 2
For the second scheme, the null hypothesis H0 corresponds

to the scenario b[0] ≡ 0 and b[1] ≡ 1, and the alternate
hypothesis H1 corresponds to the case b[0] ≡ 1 and b[1] ≡ 0.
The respective marginal conditional distributions of the mean
of the received signal samples YM2 [0] and YM2 [1] for the two
symbol duration are given by:

H0

YM2 [0] = CN
(

0,
Ēσ2

h+σ2
n

N

)
YM2 [1] = CN

(
0,

Ēσ2
h(1+|α|2σ2

h)+σ2
n

N

)
,

H1

YM2
[0] = CN

(
0,

Ēσ2
h(1+|α|2σ2

h)+σ2
n

N

)
YM2

[1] = CN
(

0,
Ēσ2

h+σ2
n

N

)
.

Note that YM2 [0] and YM2 [1] are independent under each of
the hypotheses. Therefore, the joint conditional distribution
functions can be expressed as the product of the marginal
conditional distributions which completes the proof.

C. Proof of Theorem 1
By comparing the conditional PDFs of the two hypotheses

derived in Lemma 1, the optimal decision rule of the first
encoding scheme is given by:

f(YM1
|m = 0) ≷0

1 f(YM1
|m = 1)

ln(f(YM1 |m = 0)) ≷0
1 ln(f(YM1 |m = 1))

− 1

2
ln

(
Ēσ2

h + σ2
n

N

)
− |YM1 |2

Ēσ2
h+σ2

n

N

≷0
1

− 1

2
ln

(
Ēσ2

h(1 + |α|2σ2
h) + σ2

n

N

)
− |YM1

|2
Ēσ2

h(1+|α|2σ2
h)+σ2

n

N

|YM1 |2 ≷1
0

ln

[
Ēσ2

h(1+|α|2σ2
h)+σ2

n

Ēσ2
h+σ2

n

]
2|α|2Ēσ4

h

×
(
Ēσ2

h + σ2
n

) (
Ēσ2

h

(
1 + |α|2σ2

h

)
+ σ2

n

)
N

, (17)

where YM1
is the mean of the signal samples received for

each window slot in the first scheme. The optimal detection
threshold TM1

can be obtained from the decision rule in (17).
Observe that the decision rule is dependent on |YM1

|2 whose
PDF is given by an exponential distribution. The mean of
the exponential distribution is related to the variance of the
complex Gaussian as follows:

X ∼ CN
(
0, σ2

)
=⇒ |X|2 ∼ exp

(
σ2
)
.

Assuming equal prior probabilities for the two hypotheses,
the equation for the average BER in this case is given by:
PM1(e) = P (H0)PM1(e|H0) + P (H1)PM1(e|H1)

=
1

2

(
Pr
{
|YM1

|2 > TM1
|H0

}
+ Pr

{
|YM1

|2 < TM1
|H1

})
= 1− Fexp(TM1

,
Ēσ2

h + σ2
n

N
)

+ Fexp(TM1 ,
Ēσ2

h

(
1 + |α|2σ2

h

)
+ σ2

n

N
)

=
1

2
− 1

2
e

−
TM1

Ēσ2
h(1+|α|2σ2

h)+σ2
n

N +
1

2
e
−

TM1
Ēσ2

h
+σ2
n

N ,

where Fexp(x, λ) = 1 − e− xλ is the cumulative distribution
function value of an exponential RV with mean λ at point x.

D. Proof of Theorem 2

By comparing the joint conditional distribution functions,
evaluated in Lemma 2, the optimal decision rule of the encoding
scheme M2 can be derived as follows:

f (YM2
[0], YM2

[1]|H0) ≷0
1 f (YM2

[0], YM2
[1]|H1)

ln {f (YM2
[0], YM2

[1]|H0)} ≷0
1 ln {f (YM2

[0], YM2
[1]|H1)}

−|YM2
[0]|2

Ēσ2
h+σ2

n

N

− |YM2 [1]|2
Ēσ2

h(1+|α|2σ2
h)+σ2

n

N

≷0
1 −

|YM2
[0]|2

Ēσ2
h(1+|α|2σ2

h)+σ2
n

N

− |YM2
[1]|2

Ēσ2
h+σ2

n

N

|YM2 [0]|2 ≷1
0 |YM2 [1]|2. (18)

Similar to the first scheme, the optimal decision rule of this
scheme is dependent on |YM2 [0]|2 and |YM2 [1]|2 whose PDFs
are given by exponential distributions. Due to the symmetry
of the hypotheses, we only need to find error probability
for hypothesis H0. The conditional mean of |YM2

[0]|2 and
|YM2

[1]|2 under null hypothesis are given by λ0 =
Ēσ2

h+σ2
n

N

and λ1 =
Ēσ2

h(1+|α|2σ2
h)+σ2

n

N , respectively. The expression for
the theoretical average BER for scheme M2 can be derived
as follows:

PM2
(e) = Pr

{
|YM2

[0]|2 > |YM2
[1]|2 | H0

}
= Pr

{
|YM2

[0]|2 > t | |YM2
[1]|2 = t,H0

}
=

∞∫
0

[1− Fexp (t, λ0)] fexp (t, λ1) dt

=

∞∫
0

e−
t
λ0

1

λ1
e−

t
λ1 dt =

∞∫
0

1

λ1
e
−t
(

1
λ0

+ 1
λ1

)
dt

=
1

1 + λ1

λ0

=
1

1 +
Ēσ2

h(1+|α|2σ2
h)+σ2

n

Ēσ2
h+σ2

n

,

where fexp(x, λ) = 1
λe
− xλ is the PDF value of an exponential

RV with mean λ at point x.

E. Proof of Theorem 3

By comparing the conditional PDFs of the two hypotheses
given in (12) and (13), the optimal detection threshold TM1 of
the first encoding schemeM1 can be obtained as given in (16).



The conditional BER is evaluated using a procedure similar to
the one used for the average BER in case of a single antenna
receiver. The average BER in this case can be evaluated by
marginalizing over the range of AoAs θ1 and θ2.

For the second scheme M2, the respective conditional
distributions of the mean of the signal samples received for
the two window slots YM2 [0] and YM2 [1] are given by:

H0

YM2
[0] ∼ CN (0,

2σ2
n

N )

YM2 [1] ∼ CN (0,
4 sin2(φ2−φ1

2 )|α|2Ēσ4
h+2σ2

n

N ),

H1

YM2 [0] ∼ CN (0,
4 sin2(φ2−φ1

2 )|α|2Ēσ4
h+2σ2

n

N )

YM2
[1] ∼ CN (0,

2σ2
n

N ).

The optimal decision rule after comparing the joint conditional
distribution functions is again given by (18). The expression
for conditional BER can be derived as follows:

PM2
(e|φ1, φ2) =

1

1 +
4 sin2(φ2−φ1

2 )|α|2Ēσ4
h+2σ2

n

2σ2
n

=
σ2
n

2 sin2(φ2−φ1

2 )|α|2Ēσ4
h + 2σ2

n

. (19)

We can observe from the above expression that the conditional
BER approaches zero at higher values of SNR. The above
expression is dependent on the difference between the phase-
offsets of the two links. To understand the average performance
of the detection mechanism, we can average over the range
of phase-offset values. For a linear uniform antenna array, the
phase offset is related to AoA θ by the relation φ = 2π

λ d cos θ.
The assumption is that the AoAs of the direct link θ1 and the
backscatter link θ2 are identical, independent and uniformly
distributed over the range (−π, π]. Marginalizing over the range
of θ1 and θ2 we get the expression as given in (15).

F. Estimation of phase offset of direct path

We can determine the phase-offset inversion component of
the direct RF link at the receiver using the following approach.
When message bit of value 0 is transmitted, the received signal
at the two antenna elements is given by:

y(n) =

[
y0(n)
y1(n)

]
= hr(n)

[
1
ejφ1

]
x(n) +

[
w0(n)
w1(n)

]
,

Taking the summation of samples of block length N , we get
the following:∑

y(n)=

[∑
y0(n)∑
y1(n)

]
=
∑

hr(n)x(n)

[
1
ejφ1

]
+

[∑
w0(n)∑
w1(n)

]
= c0

[
1
ejφ1

]
+

[
n0

n1

]
,

where c0 ∼ CN (0, NĒσ2
h), n0 ∼ CN (0, Nσ2

n) and n1 ∼
CN (0, Nσ2

n) are independent Gaussian random signals.
Taking cross-correlation of

∑
y0(n) and

∑
y1(n), we get:

E
[∑

y0(n)
∑

y∗1(n)
]

= E
[
|c0|2

]
e−jφ1 + E [c0n

∗
1] + E

[
c∗0e
−jφ1n0

]
+ E [n0n

∗
1]

= NĒσ2
he
−jφ1

=⇒ e−jφ1 =
E [
∑
y0(n)

∑
y∗1(n)]

NĒσ2
h

. (20)
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